Fused filament fabrication (FFF) is one of the various types of additive manufacturing processes. Similar to other types, FFF enables free-form fabrication and optimised structures by using polymeric filaments as the raw material. This work aims to optimise the printing conditions of the FFF process based on reliable properties, such as printing parameters and physical properties of polymers. The selected polymer is poly(lactic) acid (PLA), which is a biodegradable thermoplastic polyester derived from corn starch and is one of the most common polymers in the FFF process. Firstly, the maximum inlet velocity of the filament in the liquefier was empirically determined according to process parameters, such as feed rate, nozzle diameter and dimensions of the deposited segment. Secondly, the rheological behaviour of the PLA, including the velocity field, shear rate and viscosity distribution in the nozzle, was determined via analytical study and numerical simulation. Our results indicated the variation in the shear rate according to the diameter of the nozzle and the inlet velocity. The shear rate attained its maximum value near the internal wall at high inlet velocities and smaller diameters. Finally, the distribution of the viscosity along the radius of the nozzle was obtained. At high inlet velocity, several defects appeared at the surface of the extrudates. At the highest shear rates, the extrudates underwent severe deformation. The defects predicted via numerical simulation were reasonably consistent with that observed from an optical microscope. Hence, these results are effective for selecting the printing parameters (i.e. nozzle diameter, feed rate and layer height) to improve the quality of the manufactured parts.
Introduction
Additive manufacturing refers to a wide variety of processes for manufacturing 3D complex shape parts. These emerging manufacturing technologies are sorted according to various criteria, such as nature (powder or filament) of the raw material (metal, ceramic or polymer), deposition strategy and energy source. Among these processes, fused filament fabrication (FFF) is the most widely used process for thermoplastics. It has been brought to completion because of the contribution of numerous workers of FabLabs worldwide, as well as research studies by academics to obtain an in-depth understanding of the physical phenomenon.
In the FFF process, thermoplastic or metallic filaments (also called wires) are heated in a liquefier. The hot filaments are deposited layer by layer [1] . Among the machines available in the market, RepRap is an open-source project developed in 2007 to spread the use of the FFF process at a low cost for 'home manufacturing' and for FabLabs, as well to support education [2] [3] . Furthermore, to ensure inexpensive and convenient manufacturing, these machines comprise a frame, a liquefier and opensource software. The liquefier is composed of several parts, such as a heating block, nozzle and cooling sink. Figure 1 shows a schematic of the liquefier assembly typically used for RepRap machines. Although these open-source printers provide robustness and low-cost manufacturing, the parts manufactured by using these printers still exhibit different flaws, such as low mechanical strength, high surface roughness and low dimensional accuracy. These drawbacks are the main results of the inadequate understanding of the material properties. A large number of users worldwide follow the 'rule of thumb' experimental practice to determine optimum printing parameters. The selection of an excessively high temperature and high printing speed through such means results in severe deformation and discontinuity of the printed layers, whereas an excessively low temperature results in incomplete melting of the filament and inadequate adhesion between the deposited filaments. Therefore, understanding the flow properties of the polymer during printing, as well as the influence of the printing parameters on the flow properties, is crucial for improving the quality of the manufactured parts.
In parallel to the experience gained by users, the first scientific studies aimed at improving the quality of the parts manufactured via the FFF process were conducted by Yardimici et al. in 1999 [4] . According to viscosity equations for non-Newtonian fluids, they proposed a relationship to determine the pressure drop in the liquefier [5] . The researchers have also proposed thermal equations to determine the temperature distribution in the liquefier and extruder [4] [5] . Most of the studies on FFF focus on the deposition orientation and the influence of different filament deposition strategies and raster orientations on the mechanical properties of the parts printed via FFF, such as tensile strength [6] [7] [8] [9] , compression [10] and flexural properties [6] [11] [12] . However, many numerous contradictions are apparent in these studies when researchers attempted to determine the optimum raster orientation of printed parts. A hypothesis to explain these contradictions can be the inadequate knowledge on the properties of polymers. Certain authors attributed this hypothesis to colour diversity [13] or supplier company variability.
Meanwhile, numerous studies have been conducted to measure and decrease the surface roughness of parts manufactured via the FFF process [14] . The influence of process variables, such as layer thickness, road width and deposition speed, on the surface quality of parts manufactured via FFF [15] [16] was observed. Hence, several post-processing treatments were proposed to decrease the surface roughness of these parts. Chemical post-processing treatment [17] [18] [19] , modification of the generated code and slicing [19] [20] [21] and post-processing machining [22] are also effective to reduce the roughness. In a similar context, optical observations reveal that the quality of the curved geometry of parts fabricated via FFF is low, that is, the dimensions of the curved part do not accurately satisfy the specifications. Thus, an adequate slicing procedure is required to improve the quality of the curved regions [20] [21] [23] .
Furthermore, the mechanical properties of the printed parts are established to directly link to the adhesion among the deposited filaments [24] . When the filaments are deposited one after the other, they bond together to form the layers. This physical phenomenon is called coalescence, which was extensively studied in other processes [25] and specifically applied to the FFF process by Bellehumeur et al. [26] . Coalescence is mainly governed by the viscosity and surface tension of polymers [27] . Understanding the temperature influence on the rheological properties of polymers is necessary to control and improve the coalescence of deposited beads.
For a number of decades, flow and heat transfer modelling has been a major concern in the study of polymer processing [28] . Through these works, the reliability and quality of industrial plastic products have been remarkably improved. During the FFF process, the filament passes through a liquefier before deposition, similar to the extrusion process. Notwithstanding numerous experimental works, only a few of them introduced the numerical simulation of polymer flow when it exits the liquefier. These approaches are generally based on the finite element method for the investigation of a singlephase flow, and they also are applied to extrusion and injection moulding [29] .
With specific regard to our case, only a few works are worth to be cited. Lirvani [30] modelled the extrusion process of a fluid with the viscosity of approximately 20 Pa·s via numerical simulation and by using Navier-Stokes equation. Kopplmayr [31] used OpenFOAM software and volume of fluid (VOF) equations to model the extrusion of polyethylene, polypropylene and polyethylene terephthalate. The results of their numerical modelling are reasonably consistent with those of the experimental studies. Comminal [32] modelled the free-form extrusion of the polymer by using VOF equations and considering its viscoelastic behaviour. He observed the deformation of the extrudate. Bot [33] investigated the effect and solidification of a metal droplet on a substrate by using VOF and total variation diminishing. Nevertheless, his study involved a segregated droplet and the effect of this isolated droplet on the substrate, rather than a continuous deposition of a filament on a substrate. Amico et al. [34] determined the heat transfer in the FFF process via adaptable finite element analysis. However, the flow in their model was not directly simulated. The thermal behaviour of a liquefier in a RepRap 3D printer was investigated by Jerez-Mesa et al. [35] . They had stationary-modelled the fluid flow and temperature in the liquefier by using continuity equations. The work closest to ours was conducted by Comminal [36] . The researcher modelled the behaviour of the extrudate for a viscoelastic material. He had also considered streamlines caused by the elastic instability in the die. A sharkskin phenomenon is known to be related to elastic instabilities in capillaries. Comminal [36] in the numerical approach considered the viscoelasticity to model the flow behaviour. To achieve this, he used VOF and log-conformation tensors. The same author [37] has modelled the material deposition on a substrate by modelling the fluid flow. This study highlighted the influence of geometry and inlet velocity on the cross-sectional form of the deposited bead via computational fluid dynamic simulation.
In our latest publication [38] , the extrusion step in the FFF process was investigated via numerical simulation and by using two-phase flow (TPF) level set (LS) equations. The numerical simulation considered the rheological properties to track the front of the polymer extrudate during filament deposition. The fluid flow, temperature distribution and viscosity of the extrudate when it exits from the liquefier were calculated. Additionally, Peng et al. [39] experimentally studied the polymer flow in the FFF process. By using the pigments moving in the flowing fluid to trace the pathline, they determined the velocity distribution in the liquefier. Moreover, Osswald et al. [40] developed an analytical model for describing the melting of the filament in the FFF process. Their analytical model was based on the control of the polymer flow according to the force in the liquefier. They employed a thin polymer layer in the liquefier close to the nozzle and determined the pressure field in this thin layer when the diameter of the nozzle was changed. This model involves the initial temperature of the filament, heater temperature, applied force, nozzle tip angle, capillary diameter and length, as well as rheological and thermal properties.
Despite many attempts to understand the mechanical properties of parts manufactured via the FFF process, the absence of thorough studies is apparent. To our knowledge, the relationship between the printing parameters and the physical properties of polymers and the consequence on the viscosity and shape of the filament immediately before deposition are not yet clear. However, the rheological properties directly influence the mechanical properties of the printed parts by affecting the coalescence of the deposited beads [41] and the shape of the extrudate. As explained in the diagram of Figure 2 , the printing parameters (i.e. nozzle diameter, feed rate and height of a layer) affect the inlet velocity in the liquefier and therefore the shear rate. On the basis of the shear rate in the liquefier and the physical properties of the polymer (thermal transitions and rheological behaviour), the viscosity field and the extrudate shape are predicted. The present study aims to link the printing parameters and the physical properties of the polymer to the viscosity and the shape of the filament immediately before deposition in the FFF process. The study's originality is that it proposes a time-dependent numerical approach that also addresses the changes in the rheological properties with respect to the changes in the shear rate and temperature. In this work, the poly(lactic) acid (PLA) was selected. In the first part, the physical properties (thermal transitions and rheological properties) of the PLA were determined. In the second part, a relation was proposed to determine the inlet velocity of the polymeric filament in the liquefier according to the printing parameters (i.e. nozzle diameter, feed rate and height of a layer). Then, the inlet velocity field, shear rate field and viscosity of the PLA for the printing parameters were determined via numerical simulation and analytical study. Finally, the influence of the shear rate on the extrudate shape was investigated via experiment and numerical simulation.
Materials and methods
The measurement of pressure and shear rate are not feasible in commercial 3D and RepRap printers. Therefore, a laboratory extruder was used to represent the fluid flow in a printer as close as feasible.
The experimental study was conducted using an extruder system from Thermo Fisher Company. As shown in Figure 3 (a), the extruder has three units. The driver unit is HAAKE PolyLab OS, and the extruder unit is HAAKE Rheomex OS equipped with a single screw with a maximum rotating speed of 150 rpm. Meanwhile, the third part is a gear pump, that is, HAAKE Melt pump OS with a maximum speed of 75 rpm. At the outlet of the extruder, a 0.5-mm diameter die is used to represent the nozzle; its geometry is shown in Figure 3 (b). The PLA (NaturePlast PLI 005) in pellets was for the experimental study. The PLA filaments for 3D printers were formulated with additives to tune their properties. Nevertheless, we opted to work with a PLA of the highest feasible purity for a better understanding of the phenomena. The density of the PLA in its melted state is 1250 kg·m -3 according to the technical datasheet provided by the manufacturer [42] [43] . The polymer was dried for 3 h in an oven at T = 60°C to remove its moisture before processing.
The glass transition (Tg) and melting temperature (Tm), as well as the kinetics of crystallisation of the PLA, were determined using differential scanning calorimeter (DSC) Q200 from TA Instrument. All the DSC experiments were performed at 10 °C·min -1 under nitrogen flow with an approximate sample weight of 10 mg.
The rheological properties of the PLA were determined using the ARES-LN2 rheometer from Rheometrics. The experiments were performed under an air flow using a 25-mm diameter parallelplate configuration. All the tests were conducted in an oscillatory mode in the viscoelastic linear domain, determined previously from strain sweep tests. The storage (G') and loss moduli (G''), as well as the alpha transition temperature (Tα), which is the rheological effect of Tg, were measured. The dynamic complex viscosity η* was calculated from the storage and loss moduli by using equation (1) with the angular frequency ω:
Theoretical basis
Rheological investigation of the polymer flow in the liquefier via analytical study
When the printing conditions, such as nozzle diameter and feed rate, vary, the inlet velocity and hence the shear rate change. Consequently, the viscosity of the fluid was also changed. Therefore, determining these properties and the influence of their variations on the quality of the manufactured part are important. Experimental observations revealed that a higher viscosity results in liquefier clogging and a low viscosity causes inaccurate dimensions, low quality of the deposited filament and liquefier leakage. The filament undergoes temperature variations during the process. Hence, the temperature distribution directly influences the viscosity of the polymer in the liquefier.
All melted thermoplastic polymers demonstrate a shear-thinning behaviour. The viscosity of shearthinning fluids changes with temperature and shear rate, and the latter is related to the inlet velocity of the fluid in the liquefier. In the present section, the analytical equations for determining the variation of the viscosity in the liquefier for non-Newtonian fluids are explained.
For non-Newtonian fluids, the viscosity can be expressed in the most convenient form of a power law or by using the Carreau-Yasuda model which considers the Newtonian plateau at low shear rates. The viscosity according to the shear rate is expressed by equation (2), following the power law equation [44] [45] .
where n is the pseudoplasticity index, K is the consistency coefficient and )* is the shear rate. By reversing the pseudoplasticity index, the fluidity constant 5 is determined using equations (3) and (4). The parameter n, called 'the pseudoplasticity index', is the slope of the viscosity versus the shear rate curve. When the pseudoplasticity is above one, the fluid exhibits a shear-thickening behaviour. When the pseudoplasticity index is below one, the fluid exhibits a shear-thinning behaviour, where K is the viscosity at the shear rate of 1 s 
where ! ; is the viscosity of the fluid at zero shear rate, ! 8,9 is the viscosity of the fluid at infinite shear rate, λ is the relaxation time index, n is the power index, a is a dimensionless parameter describing the transition between the first Newtonian plateau and the power law zone and )* the shear rate.
Irrespective of whether the equation is based on the power law or Carreau-Yasuda model, the viscosity was revealed to decrease when the shear rate increases. The shear rate dependency varies with the nature of the polymer, the temperature and the velocity field in the geometry. Furthermore, the temperature is regarded as constant with time at a fixed point in the FFF system.
For a shear-thinning fluid, the flow in the extruder is a Hagen-Poiseuille flow. Thus, the flow has a parabolic shape, implying that the velocity attains its maximum value at the centre of the nozzle. Meanwhile, the value of the velocity field near the internal wall is zero. For non-Newtonian fluid, the fluid velocity can be determined using equation (6) [46] .
where I J is the average inlet velocity of the fluid in the liquefier, r is the distance from the centre of the nozzle, R is the nozzle radius and n is the power index in the Carreau-Yasuda model. The shear rate is determined by determining the velocity based on the radius of the internal nozzle diameter, which can be expressed in equation (7).
Finally, the maximum shear rate, located at the internal wall of the nozzle, is obtained using equation (8) .
where b is the volumetric flow rate and D is the diameter of the nozzle.
Numerical simulation by COMSOL Multiphysics
In the present study, the numerical simulation of the extrusion process was performed using the TPF simulation of the COMSOL Multiphysics software. The LS and Navier-Stokes equations were used to determine the rheological properties of the flow with a focus on the time when the extrudate exits from the extruder nozzle.
For each phase in the LS method, the Navier-Stokes and continuity equations were solved for the conservation of momentum and mass [33] . Equation (9) expresses the general form of the NavierStokes equation.
where ρ is the density, u is the flow velocity, P is the pressure applied to the fluid, μ is the dynamic viscosity of the fluid, g is the gravity field, Fst represents the force resulting from the surface tension and F represents all other external forces. The Navier-Stokes equations correspond to the contribution of different forces applied to the fluid. Term 1 of equation (9) For the flows in very low Reynolds number, the inertial term in the Navier-Stokes equation can be omitted. Finally, the Navier-Stokes equation used in the study is simplified and transformed as equation (11) . The Navier-Stokes and continuity equations were solved for the conservation of momentum and mass, respectively. The density r and viscosity m of the fluids in the system were determined using equation (13) . In the TPF simulation, the interface of the two fluids was tracked by solving an additional transport equation. This transport equation for the LS method used in the COMSOL Multiphysics for tracking the interface of two phases is represented by equation (12) . 12) where t is the time, u is the flow velocity,/5 is the volume fraction, γ is the re-initialisation parameter and " ‡} is the parameter regulating the interfacial thickness. The re-initialisation parameter (γ) is considered to be the maximum or close to the maximum velocity of the fluid in the TPF system to ensure the consistency of the results with the entire set of simulations. The thickness of the interface between two phases was minimized by reducing " ‡} for the clarity between the phases.
We present here a system of three equations, that is, equations (10), (11) and (12), and three unknowns. The unknowns are the velocity in the x and y directions and the volume fraction (5). Meanwhile, the known parameters are density, viscosity and inlet velocity (or pressure). By using the Navier-Stokes and LS equations, the unknowns were determined in each time. At t = 0, the initial value of 5 in the system is zero for the air and one for the polymer, and the parameters are the viscosity and density of the polymer in the system.
The volume fraction is the parameter which regulates the interface. In the TPF simulation, the density and viscosity of each mesh of the system were determined using equation (13) 
where c . and /c & / are the densities of phases 1 and 2, respectively, and x . and x & are the viscosities of phases 1 and 2, respectively. The volume fraction is one of the outputs of TPF simulation that is used for clearing the interface of the two phases. The colour legend of the volume fraction in TPF is blue for 5 = 0 and red for 5 = 3. Hence, when the value of the colour function is 1 (or it is red), a polymer is present in the system or that this mesh is filled by polymer. Meanwhile, when the value of the volume fraction is 0 (or it is blue), air is present in the system or the mesh is filled by air.
When the extrudate exits from the nozzle, the density and viscosity of the system change according to the boundary conditions. The new viscosity and density of the system were calculated using equation (13) . The results of the calculation of viscosity and density were re-inserted in equations (10), (11) and (12) to determine the new values of the unknowns. This iteration was applied until the completion of the simulation.
For the numerical simulation in the COMSOL Multiphysics default, physics-controlled meshes with predefined finer size and free triangular were selected. Figure 4 shows the boundary conditions used for the numerical simulation. For the subsequent numerical simulations, the density and viscosity of the air were set to 1.225 kg.m -3 and 1.8 μPa·s, respectively.
Results and discussion

Physical properties of the PLA
The glass transition, melting and crystallisation temperatures of the PLA were determined from the DSC curve shown in Figure 5 . The results are compiled in Table 1 . The measured glass transition temperature of the polymer was 60 ± 5°C. During the first heating of the raw PLA, no exothermic peak was observed. The complete melting of the polymer occurred between 160°C and 170°C, with an endothermic peak of 57 ± 3 J·g -1 representing the melting enthalpy. Given that the melting enthalpy of the 100% crystallised PLA was 93 J·g -1 [47] [48] [49] , the total crystalline rate was 61%. For a semi-crystalline polymer, the crystallisation rate directly influences the mechanical properties. Owing to the organisation level, a higher crystalline rate results in higher Young's modulus [50] . As an evidence, to improve the strength of printed parts, the crystalline rate must achieve its maximum , an exothermic peak of approximately 22 ± 4 J·g -1 was observed, indicating the kinetics in the PLA crystallisation. When the filament is deposited, the cooling rate below 3°C·min -1 must be applied to ensure a completely crystallised PLA, resulting in enhanced rigidity of the printed parts. Figure 6(a) shows the curves of the dynamic complex viscosity of the PLA versus the angular frequency at different temperatures. The temperatures were selected according to the DSC results in Figure 5 to ensure that the polymer melted completely. Because of the rapid degradation of the PLA at low frequency, determining the complex viscosity at low frequencies where the measurement lasts for more than 10 min is infeasible. The viscosity of the PLA decreased dramatically for the frequencies below 0.1 rad·s -1 because the PLA degraded owing to macromolecular chain breakage during the measurements. To address this issue, the frequency range was extended to lower frequencies by applying the time-temperature equivalence to the storage and loss moduli. It involves shifting of the G' and G'' curves obtained at the higher temperatures to the lower frequencies according to the reference temperature selected hereby as 175°C. The master curve obtained for 175°C is represented in Figure 6 (b). The slopes of G' and G'' are 1.43 and 0.88, respectively (determined using a linear fitting), indicating that the terminal regime, where the slopes are typically two for G' and one for G'', has not been attained in our experimental range.
The viscosity curves were fitted with the Carreau-Yasuda equation by using the Origin software. The terms of the Carreau-Yasuda equation for the investigated temperatures are presented in Table 2 . The Carreau-Yasuda model with these terms was implemented in the software to determine the flow properties in the liquefier. 
Inlet velocity in the liquefier
Our optical observations and empirical investigations of the shape of the deposited beads revealed that the shape of the section of the filament was changed from the initial circular to an elongated oval shape during printing. Figure 7 shows the final cross section of a deposited bead. The height of a layer, h, is one of the printing parameters. Considering the volume conservative law, the volume of the deposited bead was identical to that of the material exiting from the nozzle. Consequently, the inlet velocity of the polymer in the liquefier can be obtained as a function of the printing parameters, as expressed by equation (14) .
where v is the inlet velocity of the polymer in the liquefier, h is the height of the deposited segment, f is the feed rate, D is the nozzle diameter and w is the width of the deposited segment. A nozzle of 0.5-mm diameter was selected for our experimental study. The printing parameters selected for this study are presented in Table 3 . The average inlet velocity (•4 was determined using equation (14) according to the printing parameters presented in Table 3 . The inlet velocity field, shear rate field and viscosity of the polymer in the liquefier were determined via numerical simulation and analytical study for T = 195°C and a flow rate of 18.5 cm 3 ·s -1 according to the average inlet velocity.
The experimental study revealed that the PLA flowed easily at temperatures higher than 200°C. At lower temperatures (i.e. 175°C), the PLA underwent partial melting of the polymer pellets in the extruder screw, resulting in the blending of fluid and solid polymers. The DSC curve in Figure 5 shows that the PLA was completely melted at 180°C. At 185°C, the polymer was melted but the viscosity remained very high. Consequently, a high torque was applied to induce the PLA flow, which exceeded the limit of the apparatus. Moreover, in the RepRap open-source printers, the printing temperature was generally 195°C. Hence, the printing temperature of 195°C was selected for the experiment, as described in the present section. Figure 8 highlights the influence of the nozzle diameter (one of the printing parameters) on the inlet velocity, shear rate and viscosity in the liquefier at T = 195°C. The results obtained via numerical simulation and analytical studies were consistent. For example, at a fixed flow rate and temperature, the inlet velocity and shear rate varied from 4 to 484 mm·s -1 and from 27 to 7800 s -1 , respectively, when the nozzle diameter was changed from 2 mm to 0.3 mm. Similarly, the nozzle diameter highly influenced the viscosity. The maximum value of the viscosity was determined to be 1850 Pa·s (nozzle diameter of 2 mm), whereas the minimum value of the viscosity was 295 Pa·s (nozzle diameter of 0.3 mm). In most printers, the nozzle diameter is 0.3 mm or 0.5 mm. A nozzle of diameter 0.5 mm was selected for our experimental study. Figure 9 shows the distribution of the inlet velocity, shear rate and viscosity fields for the nozzle diameter of 0.5 mm.
The distribution of the inlet velocity in the liquefier (assimilated to a tube) exhibited a large difference between the maximum and minimum values. The maximum value of the velocity in the liquefier was 160 mm·s -1 (at the centre), whereas its minimum value was zero (near the internal wall of the liquefier). The value zero was expected as it corresponded to the imposed condition of adhesion at the wall of the tube (not slippery). The shear rate changed from zero at the centre of the liquefier to 1600 s -1 near the internal surface of the liquefier. Consequently, near the internal wall, the viscosity attained its minimum value of approximately 400 Pa·s, whereas at the centre of the tube, the viscosity was at its maximum value, that is, approximately 1900 Pa·s. Hence, the results obtained via numerical simulation are in good agreement with that obtained via analytical studies.
The viscosity variation from the internal wall up to the centre of the liquefier was rapid because the viscosity at the centre of the liquefier was at its Newtonian plateau. Moreover, the profile of the shear rate of the material in the liquefier has a parabolic shape. The viscosity near the internal wall of the nozzle is at its minimum value, whereas at the centre of the nozzle, the viscosity reaches its maximum value. The parabolic shape of the shear rate profile illustrates the shear-thinning behaviour of the PLA according to equation (8) . We now focus on the variation in the viscosity in the liquefier with respect to the distance from the centre of the nozzle. The numerical simulation revealed that when the temperature increases, the difference between the maximum value of the shear rate and its minimum value decreases. . Irrespective of the temperature, the fluid demonstrates a shear-thinning behaviour. A comparison of the viscosity of the polymer at a high temperature (i.e. 205°C) and at low temperature (i.e. 175°C) for the same inlet velocity and nozzle diameter revealed that when the temperature increases, the difference between the maximum and minimum values of the viscosity decreases. Hence, for T = 175°C, the difference between the maximum and minimum viscosity was approximately 2800 Pa·s, whereas for T = 205°C, this difference was approximately 400 Pa·s. Interestingly, for temperatures higher than 200°C, the variation in the viscosity according to the shear rate was weak, as shown in Figure 9 . For example, at 205°C, when the polymer flows easily, the maximum viscosity at its Newtonian plateau was approximately 700 Pa·s, whereas at very high shear rates (more than 1000 s -1
), it was approximately 400 Pa·s.
High fluidity of the polymer at high temperatures (> 205°C) directly influences the quality of the printed parts. When the viscosity is low, the coalescence of the beads would be better because the macromolecules exhibit higher mobility required to diffuse and to create entanglements. However, high fluidity results in low accuracy during the deposition of the beads. A deposited bead undergoes creep phenomena with its weight, thereby causing low dimensional accuracy of printed parts, such as holes and extreme roughness. At high temperature, when the viscosity is excessively low, extrasupports of the parts are necessary to print complex shapes.
Influence of shear rate on extrudate shapes
The polymer flow from the nozzle was regulated by controlling the speed of the pump during the experimental tests. Consequently, to precisely determine the shear rate, the weight flow rate was measured by cutting the extrudates at a constant time lapse. Then, the extrudates were weighted. By using the density of the PLA (1.25 g·mm -3 ), the weight flow rate was converted to volumetric flow rate. Finally, the volumetric flow rate was converted to the shear rate and inlet velocity by using equations (6)- (8) .
An identical procedure was applied for various pump speeds. Thereafter, the extrudates were observed under an optical microscope. The images of the extrudates obtained at the different inlet velocities and shear rates at an isothermal of 195°C are presented in Figure 11 . The shape of the extrudates obtained via experimental study and numerical simulation were compared.
The influence of the shear rate on the shape of the extrudates was determined to be from 1200 s -1 to more than 5000 s -1 . The optical observations revealed that for the lowest shear rates, the shape of the extrudate was cylindrical with a smooth surface, whereas at higher shear rates and inlet velocities, deformations were observed on the surface. The limit appeared to be approximately 4000 s -1 . Below this value, the shape of the extrudate became regular, whereas when the shear exceeded 4000 s -1 , the flow was unstable, and the extrudate displayed defects. At 4100 s -1 , some macroscopic instability was observed on the extrudate. At high shear stresses, the contour of the stream changed abruptly from that of a cylinder to an irregular shape. As the shear rate increased beyond the critical rate, at which the change in shape occurred, the degree of irregularity of the emerging stream increased [51] .
As shown in Figure 11 , the numerical simulation presents the volume fraction of the fluid in the system. As represented by the colour legend, the volume fraction in the LS equations varies from zero to one (blue to red). Note that when the value of the colour function is 1 (i.e. red), the system contains the polymer, and when the value of the volume fraction is 0 (i.e. blue), the system contains air. The interface of the two fluids is considered to be 0.5. The results of the TPF numerical simulations revealed that at higher inlet velocities and shear rates, certain instability of the polymer flow was observed. This result is consistent with the experimental observations. When the inlet velocity was below 145 mm·s -1 , the polymer flow was stable and no deformation of the extrudate was observed. When the inlet velocity was increased, certain instabilities were observed. At the inlet velocity of 232 mm·s -1 , the maximum shear rate in the system attained 2763 s -1 . At this shear rate, instabilities were observed, appearing under wavy flow. Therefore, the numerical simulation reliably recreated the experimentally observed instabilities. By comparing the instability and wavy shape of the extrudate at 2763 s -1 with the shape of the extrudate at higher shear rates, these instabilities were apparently thinner than those at higher shear rates. Thus, increasing the inlet velocity and shear rate highly influenced the stability and wavy shape of the extrudates owing to the variation in the shear rate and viscosity of the polymer along the liquefier radius. The difference between the viscosity at the centre and near the internal wall of the liquefier was high, thereby causing high extensional stress when the profile exits from the nozzle. This 'sharkskin' effect on the extrudate is typically observed for the extrusion of polymers [51] [52] [53] . The 'sharkskin' is a defect that occurs as deep cracks on the surface of the extrudate. These cracks form during stress relaxation, causing a rough surface. Based on the previous results, the following conditions are recommended for printing the PLA. The printing temperature for the PLA must be higher than 190°C to ensure a completely melted filament in the liquefier and prevent the clogging of the liquefier. However, the maximum temperature for printing must not exceed 210°C. At temperatures higher than 210°C, the viscosity of the polymer was excessively low, causing severe deformation during printing and degradation of the polymer. Moreover, the variation in the shear rate along the nozzle diameter should be reduced because it results in flow instabilities. We have observed that to achieve this condition, the temperature should be higher than 190°C. Therefore, the recommended temperature is 200°C. To reduce the flow instabilities and surface defects, the shear rate during printing must be below 4000 s -1 . The nozzle diameter highly influences the shear rate. That is, increasing the nozzle diameter decreases the shear rate. However, the nozzle diameter influences the roughness (surface quality) and precision of the manufactured parts. Increasing the nozzle diameter reduces the precision of the printed part. Therefore, to reduce the fluid instability and maintain the precision of the printed parts, a nozzle diameter of 0.4 mm or 0.5 mm is recommended. The volume flow rate was determined on the basis of the feed rate and the geometry of the deposited bead, such as the height of the layer and width of the deposited bead. Therefore, the height of the deposited bead must not exceed 0.4 mm, and the feed rate must be below 30 mm·s -1 .
Conclusion
In this work, the FFF process applied to the PLA was investigated via experiments, analytical equations and numerical simulation. The effect of the printing parameters (i.e. nozzle diameter, feed 10 mm 10 mm 10 mm 10 mm rate and layer height) and the physical properties of the polymer (i.e. thermal transitions and rheological behaviour) on the inlet velocity, shear rate and viscosity in the liquefier was determined.
Firstly, the maximum inlet velocity of the filament in the liquefier was empirically determined according to the printing parameters, such as the nozzle diameter, feed rate and dimensions of the deposited segment. Then, the rheological behaviour of the PLA, such as the velocity field, shear rate and viscosity distribution in the nozzle, was determined via analytical study and numerical simulation. The shear rate reached its maximum value near the internal wall at a high inlet velocity and small nozzle diameters. Increasing the inlet velocity and decreasing the nozzle diameter increased the shear rate and decreased the viscosity of the PLA. Meanwhile, reducing the viscosity enhanced the adhesion between the deposited beads and layers, and an excessively low viscosity resulted in low precision. Moreover, at the shear rates of higher than 4000 s -1 , the PLA extrudates underwent severe deformation caused by the 'sharkskin' effect. The deformation of the extrudate influenced the shape of the deposited beads and consequently reduced the control over the roughness and reliability of the manufactured part.
In parallel, a Multiphysics TPF model was developed to determine the viscosity of the polymer and shear rate according to various inlet velocities. Moreover, the numerical simulation was used to model the shape of the extrudate when it exits from the nozzle. The results obtained via numerical simulation were validated through experimental study. The numerical simulation focused on the shape of the deposited filament before deposition on the substrate for different flow regimes.
In the future work, the heat transfer and kinetics of crystallisation of the PLA must be numerically simulated. This work is a step towards optimising the printing conditions in the FFF process by using reliable parameters.
